electricity with solution processing and low cost. [1] [2] [3] [4] [5] Typically, the perovskite solar cell is composed of a perovskite/mesoporous TiO 2 layer sandwiched between layers of electron-transporting (hole-blocking) TiO 2 and a hole transporting material (HTM).
Absorption of sunlight by the perovskite generates electron-hole pairs, which then transport through TiO 2 and HTM, before being collected by the electrodes. Organic
HTMs are promising candidates in high-performance perovskite solar cells due to their versatile molecular structures and excellent photoelectrical properties. [6] [7] [8] [9] [10] [11] Among them, 2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamine) 9,9'-spirobifluorene (Spiro-OMeTAD) is most widely used to achieve high efficiency in perovskite solar cells. [3, 4] For example, a very high efficiency of 19.3% was recently achieved for perovskite solar cells with Spiro-OMeTAD as the HTM. [4] However, the onerous synthesis and exorbitant cost of Spiro-OMeTAD inhibit its up-scale application in photovoltaic industry. [12] As alternatives, various inorganic materials such as CuI [13] and CuSCN [14] [15] have been used as HTMs in perovskite solar cells. But the inorganic semiconductors usually suffer from low conductivity, and the perovskite solar cells using such HTMs exhibit low efficiencies. Therefore, developing new HTMs with high performance yet low cost is of great importance from the practical point of view.
4
Carbazole-based HTMs have been proven to be promising materials in both organic light emitting diodes and solar cells, owing to their excellent charge-transport and photoelectric properties. [16] [17] [18] It is known that the highest occupied molecular orbital (HOMO) level of carbazole-based donor is slightly lower than that of triphenyl amine based donor. [19] [20] In general, the open-circuit voltage V oc of perovskite solar cells is determined by the difference between the quasi-Fermi level of the electrons in the TiO 2 and that of the holes in the HTM. [21] Therefore, a higher V oc is anticipated for the perovskite solar cells with carbazole-based HTM compared to the ones based on Spiro-OMeDA because the donor of the latter is triphenyl amine derivate. [22] Carbazole-based compounds caught the attention of researchers as novel HTMs, [16] but the synthesis of such materials often involves multiple steps, including protection and deprotection. Therefore, in the race of novel HTMs for perovskite solar cells, the design and synthesis of novel organic compounds with simplified synthetic routes but excellent hole-transport properties remains highly desired.
Herein, we report a novel high-performance HTM, R01, with very simple molecular structure, which was synthesized via a facile route with low cost and high yield. The structures of R01 and Spiro-OMeTAD are shown in Scheme 1. R01 is carbazole-based and bridged by 3,4-ethylenedioxythiophene. Its structure is much simpler than not only Spiro-OMeTAD but also other organic HTMs reported to date (Table S1 ). The much smaller size of the R01 allows a deeper penetration into the mesoporous TiO 2 , which facilitates the hole extraction, thus improving device 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41 The facile synthesis of R01 was achieved in only two simple steps with inexpensive commercial materials, which is much more straightforward than Spiro-OMeTAD.
Briefly, 9-ethyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole was first synthesized according to the reported method. [23] R01 as yellow powders ( Figure   S1 The absorption and photoluminescence spectra of R01 and Spiro-OMeTAD are shown in Figure 1a , and the corresponding properties are listed in Table 1 . The maximum absorption peak of R01 appears at 360 nm, which is a blue shift of 27 nm relative to that of Spiro-OMeTAD. Moreover, the fluorescence emission peaks of R01
and Spiro-OMeTAD are located at 467 and 446 nm, respectively, i.e., R01 exhibits a red shift of 21 nm relative to Spiro-OMeTAD. Correspondingly, the Stokes shifts of R01 and Spiro-OMeTAD as determined by the equation Δλ= λ em −λ abs are 107 nm and 59 nm, respectively. Compared to Spiro-OMeTAD, the much larger Stokes shift of R01 implies that R01 can undergo much more geometrical changes upon excitation. [11] Therefore, the larger Stokes shift in combination with the smaller size of 7 enhancing the hole-extracting efficiency in solar cells. The thermal stability of R01 was examined using the thermal gravimetric analysis (TGA). The TGA data indicate that R01 is quite stable and its thermal degradation starts at 388 °C ( Figure S2 ).
Differential scanning calorimetry (DSC) curve (Figure 1b) shows that the glass transition temperature (T g ) and the melting point (T m ) of R01 are 104 °C and 171 °C, respectively, which are lower than those of Spiro-OMeTAD (T g =125 °C and T m =248 °C). [24] Tabl 1. Optical and electronic properties of R01 and Spiro-OMeTAD. To determine and compare the oxidation potential of R01 and Spiro-OMeTAD, cyclic voltammetry (CV) measurements were carried out with HTMs in a solution of tetrabutylammonium hexafluorophosphate (0.1 M) in dichloromethane. The scan rate is 50 mV s -1 , and the data are shown in Figure 2a . The HOMO levels of R01 and Spiro-OMeTAD, taken from the first oxidation potential, were calculated as 5.30 eV and 5.24 eV, respectively ( Table 1) . As expected, the HOMO level of the carbazole-based R01 is lower than that of the triphenyl-amine-based Spiro-OMeTAD It is well known that chemical p-doping is a powerful tool to lower the HOMO level and to improve the charge-transport properties of organic semiconductings. [25] However, the defects associated with the p-dopants could limit the performance of perovskite solar cells. [26] Therefore, the optimal p-dopant should satisfy the following criteria: the position of oxidation potential of the dopant with respect to the energy levels of host should give enough driving force to extract the holes; the p-dopant should have good solubility in the HTM. In this work, we chose
MY11 [26] as the dopant because of its relative high oxidation potential and good solubility compared to the commonly used FK102. The structure of MY11 is shown in Figure S3 , and its synthetic is detailed in the Supporting Information. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 Conductivity measurements ( Figure 2c and It should be mentioned that the conductivity of R01 is notably higher than that of Spiro-OMeTAD. Moreover, the conductivity of R01 gradually increases with increasing MY11 content as a result of the effective p-doping. When the doping level of MY11 reaches 12 mol%, which is the solubility limit, the conductivity increases by two orders of magnitude and reaches 9.24 × 10 -3 S•cm -1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   10 We further studied the effect of doping on the hole mobility μ of R01 by measuring the space-charge-limited current (SCLC). [28] The current density vs. voltage data in Figure 2d were fitted to the equation,
where  is the dielectric constant and d is the film thickness. The cross-sectional scanning electron microscope (SEM) image of a typical perovskite solar cell is shown in Figure 3 . One-step deposition method was used to sandwiched between the compact TiO 2 (40 nm thick) and the R01 layers (100 nm thick). [26] An Au layer with the thickness of about 140 nm was evaporated on the top of R01 as the cathode. As shown in Figure 4a and Table 2 In a control experiment, we fabricated devices using Spiro-OMeTAD as the HTM, and the obtained maximum η value is 7.66% (V oc =0.84 V, J sc =16.83 mA/cm -2 , and FF=0.542). Thus, the performance of the R01-based device is comparable to the device using the state-of-the-art Spiro-OMeTAD. As expected, V oc of the device with R01 is slightly higher than that of the Spiro-OMeTAD counterpart, which also holds true after doping. This improvement of V oc can be attributed to the relatively lower HOMO level of R01 than that of Spiro-OMeTAD, consistent with the electrochemical Figure 4a , the dark current of the R01-based devices decreases progressively with increasing MY11 concentration from 0% to 12 mol%, indicating the continuous reduction of charge recombination due to the improved conductivity and hole mobility of R01 after doping. It is worth noting that the perovskite solar cell based on R01 with 12 mol% dopant shows a relatively lower dark current and higher onset voltage compared to the device with Spiro-OMeTAD, which is also responsible for the higher V oc . It is noteworthy that the maximum η of the R01-based devices in this study was achieved with the dopant concentration of 12 mol% which is lower than that of the reported FK102 (15 mol%). [10] This can be explained by the higher oxide potential of MY11 compared to that of FK102. Correspondingly, as shown in Figure 4b , the incident-photon-to-current conversion efficiency (IPCE) spectra of the perovskite solar cells incorporating R01 exhibit a broad working range from 350 nm to 800 nm, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 R01 such as small size, facile synthesis, large Stocks shift and low HOMO level, make it highly promising for applications in large-scale production of perovskite solar cells. In Table S1 , we compare the physical properties and performance of R01 with other organic HTMs reported so far in literature. It is clear that the performance of R01 is comparable to the best HTMs, while its structure and synthesis are much simpler. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 materials deserve more attention in the search of HTMs with easy synthesis, low cost and high performance for practical applications of perovskite solar cells. We believe that engineering the composition and morphology of perovskite layers as well as their interfaces with charge transporting layers can significantly increase the efficiency of solar cells using such HTMs.
In summary, a novel carbazole-based HTM R01 with tunable p doping has been successfully designed and synthesized. Because of its relatively small size, structural flexibility and low HOMO level, R01 showed very good performances as HTM in perovskite solar cells. The highest power conversion efficiency (η = 12.03%) achieved in devices fabricated with R01 is comparable to that of the control devices with Spiro-OMeTAD (η = 12.17%) fabricated in this study. These results underscore R01 as a very promising HTM candidate with high performance, and its relatively facile synthesis and low cost will motivate further experimental works and potentially facilitate the large-scale applications of perovskite solar cells.
Experimental Section
Synthesis: The details of materials can be found in Supporting Information. The
R01
, is much more succinct than that of Spiro-OMeTAD.
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